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Effects of inductively coupled plasma sICPd treatment on Fermi level pinning on the surface of
Si0.83Ge0.17 was studied by current–voltage and x-ray photoemission spectroscopy measurements.
ICP treatment induced the growth of silicon oxide, suggesting that Si vacancies are generated under
the oxide. From linear fitting of Schottky barrier heights with metal work functions, it was found
that surface state density increased from 6.6031012 to 1.1331013/cm2 eV by the ICP treatment,
leading to the pinning of surface Fermi level about EC,0.53 eV. From this, it is suggested that the
Si vacancies are the main surface states in pinning Fermi level on the ICP-treated surface. © 2005
American Vacuum Society. fDOI: 10.1116/1.1868652g
I. INTRODUCTION
Recently, silicon germanium sSi1−xGexd alloys have re-
ceived considerable attention due to their tunable band gap,
enhanced carrier mobility, improved high frequency behav-
ior, and ease of integration with existing silicon technology.
Several device structures have already been demonstrated,
including the heteojunction bipolar transistor using a SiGe
base layer1 and optoelectronic devices2 and solar cells.
Dry etching is one of the basic steps in the fabrication of
SiGe-based devices, because it could transfer a fine pattern
with high anisotropy. However, dry etching was known to
cause ion-induced damages at the surface and near-surface
region. The etch rate of Si1−xGex alloys sx,0.2d increases
with the inductive power. The etch rate is enhanced com-
pared to that of Si and the stoichiometry is changed at the
surface, e.g., Si and Ge enhancement. The ion-induced dam-
age in SiGe epitaxial layers on Si substrates were attributed
to the formation of a non-stoichiometric surface due to pref-
erential loss of one of the elements, resulting in the degrada-
tion of crystalinity of SiGe films.3 Another possible origin
for the degradation is the generation of trapping centers on
the etched surface.4 Inductively coupled plasma sICPd etch-
ing of GaN led to severe degradation of the Schottky contact,
the decrease of Schottky barrier height and the increase of
the reverse leakage current by several orders of magnitudes.5
The Schottky barrier height sfBd of a metal/
semiconductor contact is ideally determined by the differ-
ence between the metal work function sfmd and the electron
affinity of the semiconductor. However, in most practical
metal/semiconductor contacts, fB is determined by fm and
the surface states.6 Since dry-etching-induced deep levels are
localized near the surface of semiconductors, such deep lev-
els could play a critical role in determining the Schottky
barrier height via Fermi level pinning. However, no research
has been conducted on the Fermi level pinning on the surface
of fully strained n-Si0.83Ge0.17.
In this work, Fermi level pinning induced by ICP treat-
ment was studied on the surface of fully strained
n-Si0.83Ge0.17. The dependence of fB on fm was examined
by current–voltage sI–Vd measurements. Changes in chemi-
cal composition and surface band bending were investigated
using synchrotron radiation photoemission spectroscopy
sSRPESd. From these, the origin for the ICP-induced surface
states was suggested.
II. EXPERIMENT
The n-type SiGe sample used in this study was a fully
strained 100-nm-thick epitaxial layer grown by chemical va-
por deposition on a 5 in. n-type Si s001d substrate
sr=3–3.5 V cmd. The film was doped in situ with phos-
phorus to a concentration of 131017 cm−3. The composition
of Ge was determined to be about 17 at. % by Rutherford
backscattering spectroscopy.
For the formation of Ohmic contacts on the n-type SiGe,
Al s300 nmd was deposited on the backside of the sample,
followed by rapid thermal annealing in an N2 ambient at
400 °C. Prior to the formation of Schottky contacts, the sur-
face of the SiGe was treated using Ar and N2 ICP for 1 min,
respectively. During ICP etching, the inductive source power
and the rf chuck power were respectively maintained 600
and 100 W at a base pressure of 5310−5 Torr. No distinct
change in etch depth was found in such ICP condition.
Schottky diodes with a dimension of 1003100 mm2 were
patterned on the samples using image-reversal photolithog-
raphy. The patterned samples were dipped into HF to remove
the native oxides, possibly formed during the ICP treatment.
Then 50-nm-thick Cr, Ru, Au, Ir, and Pt Schottky metals
were deposited by electron-beam evaporation.
The changes of chemical composition and band bending
at the surface of SiGe with the type of surface treatments,
namely, HF treatment, ICP treatment, and ICP+HF treat-
ment, were characterized using SRPES measurements at the
4B1 beam line of the Pohang Accelerator Laboratory. The
incident photon energy was calibrated using the core level
spectrum of Au 4f , used to determine the exact position of
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EF at the treated surface. Also, depth information of the
atomic compositions was obtained by changing the takeoff
angle u angle between the SiGe surface and the trajectory of
the emitted electrons. The smaller the u, the larger the con-
centration of the photoelectrons from the near surface region
because of the geometrical enhancement.
III. RESULTS AND DISCUSSION
The fB and ideality factor shd of Schottky contacts on
SiGe surfaces were extracted by fitting forward I–V curves
to the thermionic emission model, summarized in Table I.
Figure 1 shows the change of fB as a function of fm. ICP
treatment resulted in the decrease of fB as well as the slope
in the plot of fB versus fm. The dependence of fB on fm
was determined, respectively, to be fB=0.16·fm−0.252 for
the HF-treated sample, fB=0.13·fm−0.127 for the N2 ICP-
treated one, and fB=0.10·fm+0.02 for the Ar ICP-treated
one. The absolute value of the slope was decreased from 0.16
to 0.13 for the N2 ICP-treated sample and to 0.10 for the Ar
ICP-treated one. This means that ICP treatment created sur-
face states at which the surface Fermi level sEFd is pinned
more strongly.
One can determine the density of surface states Ds caus-
ing the band bending below the surface. The relationship of
fB with fm is expressed in Eq. s1d6
fB = Ssfm − xsd + s1 − SdSEgq − f0D − Df ; Sfm + a , s1d
where Eg is band gap f0, EF at the surface, Df the barrier
height lowering by image force, S the slope in the plot of fB
with fm, xs the electron affinity, and a is a constant. There-
fore fo can be calculated using Eq. s1d and Ds can be deter-
mined using Ds= fs1−Sd«ig /Sdq2. Here, «i is the permittivity
and d is the thickness of interfacial layer between metal and
semiconductor. By linearly fitting data in Fig. 1 with Eq. s1d
using xs=4.05 eV7 and d=44 Å,8 the values of S, a, f0, and
Ds were determined, summarized in Table II. For the HF-
treated sample, Ds was determined to be 6.60
31012 cm−2 eV−1, but it increased to 8.4131012 and 1.13
31013 cm−2 eV−1 after N2 and Ar ICP treatment, respec-
tively. Due to the increase in Ds after ICP treatment, surface
EF was found to be pinned at ,0.53 eV from the conduction
band edge.
Figure 2 shows the evolution of the Si 2p and Ge 3d XPS
spectra with the step of surface modifications such as HF, Ar
ICP, and Ar ICP+HF treatments. Incident photon energy of
610 eV was used for measurement of the core-level spectra
of Si 2p and Ge 3d. The takeoff angle for all spectra was 90°.
Si 2p and Ge 3d spectra were separated into two component
peaks, originated from spin–orbit coupling. In the Si 2p
spectrum of the as-grown sample, a peak corresponding to
TABLE I. Schottky barrier height sfBd and ideality factor shd for both HF-
treated and ICP-treated samples.
Metals
HF N2 ICP+HF Ar ICP+HF
fB h fB h fB h
Cr 0.464 1.57 0.436 1.50 0.420 1.43
Ru 0.512 1.76 0.488 1.71 0.476 1.42
Au 0.564 1.50 0.540 1.51 0.496 1.34
Ir 0.616 1.66 0.568 1.39 0.544 1.17
Pt 0.620 1.40 0.596 1.37 0.532 1.18
FIG. 1. Schottky barrier height of Cr, Ru, Au, Ir, and Pt contacts on
n-Si0.83Ge0.17 with metal work function before and after N2 and Ar ICP
treatments.
TABLE II. Change of slope parameter sSd, surface state density sDsd, and the
surface Fermi energy sf0d of n-type SiGe with the type of surface treatment.
S a Ds scm−2 eV−1d f0 seVd
HF 0.16 −0.252 6.6231012 0.56
N2 ICP+HF 0.13 −0.127 8.4131012 0.53
Ar ICP+HF 0.10 0.012 1.1331013 0.52
FIG. 2. Si 2p and Ge 3d XPS spectra before and after various surface modi-
fications using HF, Ar ICP, and Ar ICP+HF treatments.
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oxidized Si was observed at the binding energy of 102.6 eV.
The oxide peak disappeared by HF etching, but appeared
again after the ICP treatment. It was found that a peak cor-
responding to Ge oxide appeared at 32.2 eV. From this, it
was suggested that the ICP-induced oxide layer is primarily
composed of Si oxide with a small amount of Ge oxide. The
Gibbs free energy change for the formation of each oxide is
as follows: namely, −DGs700 °Cd in the reaction of Si
+2O2→SiO2 is 728.9 kJ/mol,9 which is larger than
482.3 kJ/mol of Ge+2O2→GeO2.10 Thus, the surface be-
came Si deficient as the ICP-induced oxides were removed
through the HF etching.
There was no change in the full width at half maximum,
but the binding energies of Si 2p and Ge 3d spectra changed
with the type of surface treatment. The peak shifts after HF
and sICP+HFd treatments are related to the removal of the
as-grown and ICP-induced oxide layers. It is also worth not-
ing the changes in the peak positions between the HF- and
sICP+HFd-treated samples, because Schottky diodes in Fig.
1 were fabricated on both surfaces. The binding energies of
Si 2p and Ge 3d spectra were moved to higher energy by
0.15 and 0.21 eV after sICP+HFd treatment, respectively.
This means that EF at the surface of SiGe moved about
0.18 eV on average near the conduction band edge by the
ICP treatment, leading to a decrease of the effective fB for
the transport of electrons, consistent with the result of Fig. 1.
Figure 3 shows photoemission onsets of secondary elec-
trons with the step of surface treatment. The relative change
of xs can be determined from a sharp photoemission onset of
the secondary electrons. The onset energies of the as-grown
and ICP-treated samples were nearly the same, because
chemical composition and bonding states on both surfaces
are similar to each other, because of the presence of oxide
layers on the surface. The kinetic energy shifted towards
higher energy levels after HF cleaning. This is due to the
disappearance of oxide layer with low xs. The kinetic energy
in the sICP+HFd-treated sample was higher than that in the
HF-treated one. From this, it is proposed that the ICP treat-
ment of SiGe produces the Ge-rich surface in Fig. 2 and the
xs increased with ICP treatment.
The atomic percentages of XPS peaks or Si 2p and Ge 3d
core level spectra were determined using the peak area and
the atomic sensitivity factor of each element. Using the
atomic percentage of each element, the ratios of Si/Ge with
the detection angle u were determined, as shown in Fig. 4.
The value of the Si/Ge ratio at the normal detection
su=90° d of sICP+HFd-treated sample was set as 1.0 for ref-
erence. The Si/Ge ratio of the sICP+HFd-treated sample is
lower than that of the HF-treated one and the ratio decreased
at a lower detection angle. The decrease in the Si/Ge ratio at
the smaller angle after the ICP treatment and the subsequent
HF cleaning is indicative of the formation of a Si-deficient
layer near the surface due to the generation of Si vacancies.
In moderately and highly doped n-type Si, a dominating de-
fect was observed after irradiation by high energy particles,
identified as a vacancy–donor complex.11 The thermal acti-
vation energy of this complex was reported to be dependent
on both the type of donors and Ge content in strained epi-
taxial Si1−xGex. In phosphorus-doped Si and Si1−xGex, for
instance, the vacancy–phosphorus level exhibited a nonlinear
dependency on Ge content with a sharp increase of the ther-
mal activation energy at x=0.04 and the level was saturated
at 0.53 eV for higher Ge content.12 The saturated vacancy–
phosphorus level agrees well with EF pinning position at the
FIG. 5. Energy band diagrams of the HF- and sICP+HFd-treated surfaces
constructed based upon the change in electron affinity by ICP etching, as in
Fig. 3.
FIG. 3. Photoemission onset of secondary electrons with the type of surface
treatment.
FIG. 4. Ratios of Si/Ge with takeoff angle before and after ICP treatment.
Peak intensities were obtained by integrating each peak area.
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surface of Si0.83Ge0.17 as shown in Table II. From this, it is
suggested that Si vacancy-related surface states pin surface
EF, which in turn lower fB.
Figures 5sad and 5sbd show the schematic energy band
diagrams of the HF-treated and sICP+HFd-treated surfaces,
respectively, based upon the SRPES results in Figs. 3 and 4.
As the ICP-treated sample was treated with the HF solution,
a number of vacancy-related surface states were exposed to
the surface. The binding energy was increased by 0.18 eV on
average in Fig. 2, meaning the decrease of SBH by the ICP
treatment, due to the generation of vacancy-related surface
states, as shown in Fig. 5sbd. The relative increment in the xs
of sICP+HFd-treated sample was 0.23 eV as shown in Fig.
3. As a result, Fermi level shifts towards CBM, resulting in
the decrease of SBH via the smaller surface band bending, as
shown in Fig. 4sbd.
IV. CONCLUSION
ICP treatment resulted in the decrease of fB. By linearly
fitting the relation between fB and fm, Ds was determined to
be 6.6031012 cm−2 eV−1 for the HF-treated sample, but it
increased to 8.4131012 and 1.1331013 cm−2 eV−1 after N2
and Ar ICP treatment, respectively. The increase in Ds re-
sulted in pinning of surface EF at EC,0.53 eV. The increase
of binding energies of both Si 2p and Ge 3d peaks by the
ICP treatment means the movement of surface EF near the
conduction band edge. The peak intensities of Si 2p and
Ge 3d increased by the ICP, but the increase of Si 2p peak
was more pronounced. This means that the production of Si
oxide is more dominant than that of Ge oxide. The preferen-
tial oxidation of Si caused the generation of Si vacancies,
playing a role in pinning EF at the surface of Si0.83Ge0.17 and
in turn lowered lower fB.
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